The potential impact of drought on the carbon balance in plants has gained great attention. Non-structural carbohydrate (NSC) dynamics have been suggested as an important trait reflecting carbon balance under drought conditions. However, NSC dynamics under drought and the response mechanisms of NSC to drought remain unclear, especially in water-limited savanna ecosystems. A precipitation exclusion experiment was performed to simulate different drought intensities in a savanna ecosystem in Yuanjiang valley in southwestern China. Growth, total NSC concentration and diurnal change of NSC were determined for the leaves and non-photosynthetic organs of three dominant species (Lannea coromandelica, Polyalthia cerasoides and Heteropogon contortus) throughout the growing season. Drought significantly reduced the growth of all the three species. Total NSC concentration averaged~8.1%, varying with species, organ and sampling period, and did not significantly decrease under drought stress. By contrast, the diurnal change of NSC in these three species increased under drought stress. These results indicate that these three dominant species did not undergo carbon limitation. Thus, relative change in NSC is a more sensitive and effective indicator than carbon reserves in evaluation of plant carbon balance. These findings provide new insights for the understanding of carbon balance and the mechanisms of carbon starvation.
Introduction
Drought is one of the most important environmental factors limiting the growth, distribution and survival of plants worldwide (McDowell et al. 2008 , van der Molen et al. 2011 , Corlett 2016 , Scheffers et al. 2016 , and its intensity, frequency and duration will continue to increase across the globe in the coming decades (Knapp et al. 2008 , IPCC 2013 . Plants undergo a range of ecophysiological and biochemical mechanisms to minimize the effect of drought (Chaves et al. 2003) . Carbon availability during drought is a critical factor affecting plant mortality.
Plant carbon reserves reflect the carbon balance between photosynthesis (carbon gain) and respiration (carbon use) , Dietze et al. 2014 . Non-structural carbohydrate (NSC), mainly soluble sugar and starch, is the greatest fraction of the mobile carbon pool in plants, and acts as a buffer for insufficient source activity under stress , Krasavina et al. 2014 , Obrien et al. 2014 , Piper et al. 2017 . A relatively high NSC concentration in plants indicates that the supply of carbon exceeds its demand Stitt 2007, Li et al. 2008) . Drought stress may inhibit photosynthesis and cause insufficient carbon supply (i.e., total NSC decline), resulting in carbon limitation (Sala et al. 2012 ) and, if plant NSC reserves are depleted by persistent drought stress, eventually leading to carbon starvation (McDowell et al. 2008 , Sala et al. 2010 , McDowell 2011 . However, the response of the NSC reserves to drought stress is dependent on both the plant species and the ontogenetic stage; several previous studies have shown decreased (Adams et al. 2013 , Hartmann et al. 2013 , Maguire and Kobe 2015 , increased (Sala and Hoch 2009 , Muller et al. 2011 , Anderegg 2012 and stable NSC reserves under drought conditions (Klein et al. 2014 , Rowland et al. 2015 , Salmon et al. 2015 . A recent meta-analysis study has shown that carbon starvation occurs more frequently in gymnosperms than in angiosperms (Adams et al. 2017) . Most of these studies, however, were carried out using seedlings or saplings of coniferous (e.g., pine or spruce) and broadleaf (e.g., aspen or maple) species over only a single growing season in controlled indoor experiments. Therefore, only limited information is available for adult plants regarding the response of NSC to field drought conditions, and whether carbon limitation or carbon starvation occurs, remains unclear.
However, one critical point is that carbon reserves may become unavailable or experience reduced accessibility to transport under drought stress (McDowell and Sevanto 2010 , Sala et al. 2010 , 2012 . The total NSC concentration may function as carbon storage, but as an indicator to evaluate carbon balance under drought stress it is very limited (Hartmann and Trumbore 2016) . Relative difference (e.g., the changes in NSC over time) may provide more robust estimates of drought stress. Interestingly, the effects of drought and other factors on carbon balance using changes in NSC have been estimated over intervals of weeks or months (Hartmann et al. 2015, Klein and , or pre-and post-drought (Obrien et al. 2014) . However, defining appropriate periods is difficult because NSC fluctuation is affected by phenology and by the time of the growing season. Carbohydrate concentrations of plants also fluctuate during the day (Kagan et al. 2011 ) because plants deplete their carbohydrates to maintain dark respiration at night. After overnight burning, the levels of carbohydrate drop to a minimum in the predawn hours (Sulpice et al. 2009, Stitt and Zeeman 2012) . The concentration of carbohydrates rises with an increasing photosynthetic rate and generally peaks during the day between noon and sunset, depending on the species (Souza et al. 2005 , Shewmaker et al. 2006 , Stitt and Zeeman 2012 . Therefore, it is important to quantify the change of NSC in a day as an indicator of environmental stress.
Savannas cover~20% of the global land surface and have received much attention regarding their carbon cycle and their related ecophysiological adaptions with the changing global climate (Grace et al. 2006, Berry and Kulmatiski 2017) . In general, the size and the temporal dynamics of NSC reflect the growth status and metabolic processes of plants (Seginer and Gent 2014) , which have largely been reported for trees, shrubs and herbs from tropical, temperate, boreal and Mediterranean forests Körner 2012, Martínez-Vilalta et al. 2016) . Although some studies have involved NSC dynamics in savanna ecosystems (Hoffmann et al. 2003 , Tomlinson et al. 2014 , Almeida et al. 2015 , they have reported only the NSC concentrations in seedlings during a single growing season or from a single organ (generally the roots). Thus, the knowledge of NSC dynamics in adult savanna plants across the growing season is limited. In addition, savannas are particularly sensitive to changes in precipitation (Berry and Kulmatiski 2017) , and now are at risk from the increasing intensity and frequency of drought (Fensham et al. 2009 ). Therefore, a deeper understanding of the response of NSC to drought in savanna regions is critical. Unfortunately, there has been little research on the response of NSC to drought in savanna regions. To our knowledge, NSC change under drought conditions has been investigated only in Vatairea macrocarpa from the Cerrado savanna in Brazil using potted seedlings (Vieira et al. 2017 ). This level of understanding is far from sufficient for understanding the response of NSC to drought in savanna regions, especially for adult plants in their natural settings. Savannas located in valleys across the southern China (Jin and Ou 2000) are also experiencing drought as precipitation declines (Fei et al. 2017) . Although a few studies about the photosynthetic and phenological characters of Chinese savanna plants exist (Zhang et al. 2007 (Zhang et al. , 2012 , no research has been conducted to date in the savannas of China on NSC dynamics or the response of NSC to drought.
In this study, we conducted a precipitation exclusion (hereafter, referred to as PE) experiment. Three dominant species of the Chinese savanna ecosystem, Lannea coromandelica, Polyalthia cerasoides and Heteropogon contortus, were chosen for the study to examine the influence of drought on NSC variation across the growing season. The main objectives are to understand the NSC dynamics of savanna species and evaluate the effects of drought on their carbon reserves and the relative change of NSC. We hypothesized that (i) drought would not decrease the NSC reserves of these three dominant savanna species; and (ii) drought would increase the diurnal change of NSC in these species.
Materials and methods

Site description and experimental design
This study was conducted at the Yuanjiang Savanna Ecosystem Research Station (YSERS; 23°27′N, 102°10′E, 551 m above sea level) of the Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, in southwestern China. The climate is dry and hot; the long-term (over the last 36 years) mean annual temperature for the site was 24.0°C, and the long-term mean annual precipitation was 786.6 mm, occurring 81.0% during the rainy season (May-October), November to the following April was the dry season (Fei et al. 2017) . Based on monitoring data from the weather station of YSERS, the average air temperature was 25.1°C in 2015, and the total annual precipitation was 792.5 mm, with~69.3% of precipitation falling during the rainy season ( Figure 1a ). The soil type is classified as dry red soil in Chinese soil classification, which is equivalent to a ferralic cambisol based on the FAO. According to a previous survey, the soil in this region is shallow (~35 cm in depth) and consists of~65% gravel. The Yuanjiang savanna, which is considered the most typical and representative in China, is dominated by woody species (L. coromandelica, P. cerasoides, Campylotropis delavayi) and grass (H. contortus) (Jin and Ou 2000) . Trees have a canopy height of~6 m and a growing season from May to mid-November (Editorial Committee for Vegetation of Yunnan 1987, Jin and Ou 2000) .
A PE experiment was set up using rainout shelters in March 2014. The experimental plot was chosen because of its uniform slope (<15%), consistent soils and reasonably uniform distribution of vegetation. The rainout shelters were constructed with a 7 m tall steel frame and roofed with transparent 1.2 mm polyethylene sheets to reduce the net input of precipitation to the soil. Each panel of the polyethylene sheet was a 1 m × 3.5 m in size and permitted over 85% penetration of photosynthetically active radiation. The polyethylene sheets had many grooves and were hung at an angle above the tree canopy, which helped to reduce rain splash and drain the intercepted rain away quickly. The intercepted rain was drained by a PVC pipe system (20 cm in diameter) installed on the lower edges of the roof. We established four precipitation treatments by adjusting the number of polyethylene sheets and the distance between adjacent sheets Tree Physiology Online at http://www.treephys.oxfordjournals.org to change the covered area in each plot: ambient control (CK), 30% PE (PE30, covering~30% of plot area), 50% PE (PE50, covering~50% of plot area) and 70% PE (PE70, covering~70% of plot area). A randomized block design was implemented, and the four treatments were located in three replicate blocks for a total of 12 treatment plots (10 m × 10 m in size). Each plot was surrounded by a 1-m buffer area in order to minimize edge effects. Each experimental plot was surrounded by a buried vertical perimeter barrier of plastic sheet from the surface to the rock layer to minimize surface and subsoil water flow. Rainout shelters were fenced to exclude all vertebrate herbivores. Because the response of NSC in plants to light drought was inapparent, especially in plants in this water-limited ecosystem (Knapp et al. 2015 , Zhang et al. 2015 , all samples were taken only in three treatments (CK, PE50 and PE70) in the present study.
Environmental factors
Soil water content (SWC) and soil temperature were measured continuously in each of the experimental plots using a frequency domain reflectometer (CS616, Campbell Scientific, Logan, UT, USA) buried at a 10-cm depth in center of the plot. All abovementioned sensors were connected to data loggers (CR800, Campbell Scientific) recording half-hourly means. Environmental conditions are shown in Figure 1 .
Species choice and growth rate monitoring
Three species, L. coromandelica (LC), P. cerasoides (PC) and H. contortus (HC), which were dominant in the tree, shrub and herb layers, respectively, were selected for this study. The woody species, LC and PC, are deciduous. Leaf bud break of these three species occurs in early April. The leaves of LC, PC and HC fall in mid-December, February and November, respectively.
For LC, plants with an average size of 14.2 ± 0.9 cm in diameter at breast height (DBH) and 4.7 ± 0.2 m in height were selected. On each selected tree, the radial growth was monitored throughout the year using manual steel band dendrometers installed 1.3 m above the ground. Girth was read monthly, starting in January 2014. All measurements were recorded in the morning to reduce diurnal bias, which is often caused by stem shrinkage due to transpiration. Girth data were transformed to radius based on a cylindrical tree shape. Increments of radial growth were calculated as follows:
where D i is the increment of radial growth (cm), G i is the radius measured on the sampling date, G i-1 is the radius measured on the previous sampling date. For PC, plants with an average DBH of 4.2 ± 0.2 cm and average height of 3.7 ± 0.1 m were selected. Because the DBH was too low (<5 cm) to be accurately measured using dendrometers, radial growth was evaluated using DBH data measured in the month of October of each year. In addition, the radial growth of PC was calculated as the difference in the DBH data between two consecutive years.
For HC, the growth rate was indicated by changes in total biomass (t ha −1 ) over 2 years. The total biomass, which included the aboveground and belowground biomass, was harvested in December of each year from three 1-m 2 quadrants chosen randomly in each plot. All harvested material was dried for 72 h at 65°C and weighed.
NSC sample collection
Leaves and non-photosynthetic organs (current-year twigs for LC and PC; roots for HC) from south-facing branches were sampled for NSC analyses. Samples were collected at predawn (5:00-6:00 AM) and midday (12:00-14:00 PM), three times in 2015 (Figure 1 ): at the beginning (May-June), at the peak (late-July-August) and at the end (October-November) of the growing season. Each sampling was conducted after three or more consecutive sunny days. Branches were labeled before the beginning of the experiment, and the same branches were used for sampling throughout the growing season. To avoid the effect of leaf phenology, it was ensured that the leaves collected at the end of growing season were still green. Eight to 10 disease-free and fully expanded leaves were collected from each of three randomly selected individuals in the center area of each plot (to avoid edge effects) and were pooled as a mixed sample for each species in each plot. All samples were microwaved for 3 min within 3 h of collection to stop enzymatic activity, oven-dried for 72 h at 65°C, and ground to fine powder (sieved to 0.25 mm).
Chemical content determination
Non-structural carbohydrate concentration is defined as the sum of the soluble sugar and starch within each tissue on each sampling date. Concentrations of soluble sugars and starch were determined using the anthrone method as described by Li et al. (2008) . Briefly, each dried sample (0.100 g) was extracted with 5 ml of 80% ethanol in a water bath at 80°C for 30 min and then centrifuged at 4000g for 5 min. This process was performed two more times. All supernatants were collected for soluble sugar determination. Subsequently, 5 ml of anthrone reagent (2 g anthrone in 100 ml 95% H 2 SO 4 ) was added to the supernatants and incubated in boiling water bath for 15 min. After cooling, the soluble sugar concentration was determined using a spectrophotometer (UV-2450, Shimadzu Scientific Instruments, Inc., Kyoto, Japan) at 620 nm against glucose standards on a dry matter basis (% d.m.). The retained residue was used for starch analysis. The residue was combined with 3 ml of distilled water and incubated in a water bath at 90°C for 15 min. After cooling, 2 ml of 9.2 mol l −1 HClO 4 was added, and then, 15 min later, 4 ml of distilled water. Each sample was centrifuged at 4000g for 5 min and extracted two more times. All supernatants were collected. The starch concentration was determined using a spectrophotometer at 620 nm with glucose
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standards and a conversion factor of 0.9 on a dry matter basis (% d.m.).
Data analyses
In the present study, carbon reserves were estimated using the average of carbohydrates collected at predawn and at midday. The relative change in carbohydrates was expressed as the diurnal change of carbohydrates (DC, %) and calculated as
where C m and C p represent carbohydrate concentrations (sugar, starch and NSC) collected at midday and at predawn, respectively. Differences in environmental factors (SWC and soil temperature) and growth parameters (increment of radial growth and grass biomass) among the treatments were evaluated using one-way ANOVA, followed by multiple comparison with Tukey's post hoc test at the P < 0.05 level. Difference in carbon reserves (sugar, starch and NSC) and the diurnal change of carbohydrates in the leaves and non-photosynthetic organs (twigs or roots) were analyzed separately using linear mixed-effects models with fixed effects for species, growing season, treatment, and their interactions and random effects for blocks. These variables were log transformed if necessary. All analyses were performed using R 3.1.3 (R Core Team 2015) with the nlme (Pinheiro et al. 2015) and lsmeans (Lenth 2015) packages.
Results
Soil temperature and SWC
Soil temperature in the PE plots was always higher than that in the control throughout the year (Figure 1b) . Compared with the control, the average soil temperature was slightly elevated in PE50 (0.73°C; P = 0.070) and significantly increased in PE70 (1.42°C; P < 0.001). Conversely, the SWC of PE plots was much lower than that of control plots throughout the year (Figure 1c ). Average SWC in control plots (16.3%) was significantly higher than that in PE50 (10.9%) and PE70 (9.6%).
Growth
The relative growth of LC and PC and the biomass change of HC were used to determine the effect of PE in the Yuanjiang savanna (Figure 2) . The radial growth of LC and PC in PE50 and PE70 were significantly lower than those in CK (Figure 2a and b) . Negative values of radial growth of LC under PE treatments indicate severe shrinkage (Figure 2a) . Radial growth of PC in PE50 decreased by 81% compared with that of CK, and diminished even more in PE70 (Figure 2b) . The biomass storage of HC decreased compared with that of CK by 76% in PE50 and by 88% in PE70 (Figure 2c ).
Effect of drought on average NSC concentration
Based on pooled data across all species, organs, sampling periods and treatments, the mean concentrations of NSC, soluble sugar and starch were, respectively, 9.1%, 6.9% and 2.2% in leaves, and 7.2%, 5.5% and 1.7% in non-photosynthetic organs (Figures 3 and 4) . Average concentrations of NSC, soluble sugar and starch in each organ varied significantly with the species, growing season, treatment and their interactions (P < 0.05), except for the effect of treatment on soluble sugar (P = 0.056) and starch (P = 0.617) in leaves and in non-photosynthetic organs (soluble sugar, P = 0.062; starch, P = 0.149) ( Table 1 ; Figures 3 and 4) .
Specifically, the soluble sugar and NSC in the leaves of LC increased significantly after PE at the beginning of the growing season and remained constant in the other two collections, with the exception of an 18.2% decline in NSC in PE70 at the end of the growing season (Figure 3a and g ). The starch decreased in the leaves of LC was found in PE70 at the peak and end of the growing season (Figure 3d ). By contrast, the soluble sugar and NSC in the leaves of PC remained stable after PE during the early growth period but decreased obviously at the end of the growing season. Starch in the leaves of PC was stable throughout the growing season (Figure 3b, e and h ). In the case of HC, soluble sugar, starch and NSC in the leaves increased after PE at the beginning and at the end, but decreased at the peak of the growing season, especially in PE70 (Figure 3c, f and i) .
The soluble sugar and NSC in the twigs of LC increased significantly in PE70 at the end of the growing season, whereas starch decreased after PE at the peak of growing season (Figure 4a, d  and g ). Levels of soluble sugar and NSC in the twigs of PC were always stable throughout the growing season, but starch increased markedly after PE at the beginning of the growing season (Figure 4b , e and h). The NSC, soluble sugar and starch in the roots of HC decreased obviously after PE at the beginning and at the peak of the growing seasons, but generally increased at the end of the season (Figure 4c, f and i) .
Effect of drought on the diurnal change of carbohydrates
The diurnal changes of NSC, soluble sugar and starch in the leaves and non-photosynthetic organs were significantly affected by the species, sampling periods, treatment and their interactions (P < 0.05), except for the effect of sampling period on starch (P = 0.622) and that of treatment on soluble sugar (P = 0.193) and NSC (P = 0.292) in non-photosynthetic organs (Table 2) .
Generally, the diurnal changes of sugar and NSC in the leaves of LC increased during the growing period, whereas the diurnal change of starch decreased at the beginning of the growing season and then increased at the end of the season (Figure 5a, d  and g ). Similarly, the diurnal changes of sugar and NSC in the leaves of PC also increased throughout the growing season, whereas the diurnal change of starch decreased, increased and Tree Physiology Online at http://www.treephys.oxfordjournals.org Polyalthia cerasoides, PC; Heteropogon contortus, HC) at three levels of drought intensity (ambient, CK; 50% precipitation exclusion, PE50; 70% precipitation exclusion, PE70) at the beginning, peak and end of the growing season in a savanna ecosystem in southwestern China. Values indicate the mean ± SE, n = 3. Lowercase letters above the bars indicate significant differences among the treatments in specified sampling periods (P < 0.05).
Tree Physiology Volume 38, 2018 stayed constant at the beginning, peak and end of the growing season, respectively (Figure 5b , e and h). By contrast, the diurnal changes of sugar and NSC in the leaves of HC increased in PE70 at the beginning of the growing season and in both PE50 and PE70 at the peak of the growing season (Figure 5c and i) . The diurnal change of starch in HC was negative after PE at the peak of the growing season, but constant values were observed in the other two sampling periods (Figure 5f ).
The diurnal changes of NSC and sugar in the twigs of LC significantly decreased after PE at the end of the growing season, but remained stable in the other two sampling periods (Figure 6a and g). The diurnal change of starch in the twigs of LC showed an increase in PE70 at the beginning of the season, but significantly decreased at the peak and end of the growing season (Figure 6d) . Similarly, the diurnal change of NSC and sugar in the twigs of PC showed a decrease under both PE treatments at the beginning and end of growing season, but increased at the peak of the season (Figure 6b and h) . The diurnal change of starch in the twigs of PC significantly increased at the peak of the season but decreased in PE70 at the end of the growing season (Figure 6e ). The diurnal changes of soluble sugar, starch and NSC in the roots of HC significantly increased after PE at the peak and at the end of the growing season, especially in PE70 (Figure 6c, f and i) .
Discussion
This PE experiment for a savanna ecosystem revealed that PE reduced the growth of three dominant species. The NSC in both organs of all three dominant species showed no obvious variation throughout the growing season under two PE treatments, whereas the diurnal change of NSC in the leaves of all three species increased under PE treatments. . Average concentrations of carbohydrates (sugar, starch and NSC) in non-photosynthetic organs (twigs or roots) of three dominant species (Lannea coromandelica, LC; Polyalthia cerasoides, PC; Heteropogon contortus, HC) at three levels of drought intensity (ambient, CK; 50% precipitation exclusion, PE50; 70% precipitation exclusion, PE70) at the beginning, peak and end of the growing season in a savanna ecosystem in southwestern China. Values indicate the means ± SE, n = 3. Lowercase letters above the bars indicate significant differences among the treatments in the specified sampling periods (P < 0.05).
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Variation in NSC in savanna plants
Non-structural carbohydrate concentration varies with the species and environmental conditions. However, direct comparison across studies may be problematic due to the lack of test standards (Quentin et al. 2015) . Although we tried to choose cases using same determination method, the results should be interpreted with caution. We showed that the average NSC concentration of adult plants in Yuanjiang savanna was~8.1% (see Table S1 available as Supplementary Data at Tree Physiology Online), which is within 10% of global data derived from different biomes, including tropical, temperate, boreal and Mediterranean forests (Martínez-Vilalta et al. 2016) . Nonstructural carbohydrate concentration of Yuanjiang savanna plants observed in this study was below the average (14.1%) for adult trees from nine species in the Brazilian savannas using samples collected at the peak of the rainy season (Hoffmann et al. 2003) . These differences could be explained by speciesdependency and by the changes in NSC concentration during the growing season (Newell et al. 2002 , Bansal and Germino 2009 , Zhu et al. 2012 ). In addition, NSC concentrations show obvious diurnal variation, reaching peak values at midday (Morin et al. 2011 ). Thus, most previous studies revealed much higher concentrations of NSC based on samples taken at midday, in contrast to the results of this study, where NSC concentrations were reduced due to calculation of the means using samples taken at predawn and midday (see Table S1 available as   Table 1 . Results of linear mixed-effects modeling of the effects of species, growing season periods (beginning, peak and end) and treatments (ambient, 50% precipitation exclusion, 70% precipitation exclusion) and their interactions on average carbohydrate concentrations (%) in a savanna ecosystem in southwestern China. Significant results (P < 0.05) are bold. Table 2 . Results of linear mixed-effects modeling of the effects of species, growing season periods (beginning, peak and end) and treatments (ambient, 50% precipitation exclusion, 70% precipitation exclusion) and their interactions on diurnal changes of carbohydrates (%) in a savanna ecosystem in southwestern China. Significant results (P < 0.05) are bold. Supplementary Data at Tree Physiology Online). Shewmaker et al. (2006) also noted that the NSC concentrations from midday samples were higher than the daily means. These reasons could contribute to the lower NSC values for Yuanjiang savanna plants and cannot be overlooked.
Drought effects on carbohydrate reserves
Carbon reserves (total NSC) are generally considered as a proxy to assess whether plants are subjected to carbon limitation (Körner 2003, Kannenberg and Phillips 2017) . On the whole, no significant variation was observed in carbon reserves of both organs across these three species during the growing season under drought conditions (Figures 3 and 4) . These findings suggest the absence of carbon limitation under drought in any species or organs, which was consistent with the results reported for aspen (Populus tremuloides) seedlings (Anderegg 2012) and adult pine (Pinus halepensis) trees (Klein et al. 2014 ).
Although the carbon reserves of the three dominant species in this study were well maintained under drought, the potential mechanisms by which these species respond to drought may be different. In the case of tree LC, levels of NSC, sugar and starch were stable throughout the growing season. It is possible that the carbohydrate balance in LC was either insensitive to shortterm drought, or the carbon reserves were unavailable or of limited use under drought conditions, and thus, would not be depleted even in dead plants (Sala et al. 2010 , Hartmann and Trumbore 2016 , Piper and Fajardo 2016 . Rowland et al. (2015) showed that carbon reserves are not significantly depleted across organs from multiple species in tropical forests under lethal drought conditions. Alternatively, according to our observations, the leaves of LC showed yellowing sooner than those of other plants under drought stress. Under the persistent drought stress, LC may adjust its phenology to regulate its carbon needs, resulting in carbon balance (Palacio et al. 2007, Figure 5 . Diurnal change in carbohydrates (sugar, starch and NSC) from predawn to midday in the leaves of three dominant species (Lannea coromandelica, LC; Polyalthia cerasoides, PC; Heteropogon contortus, HC) at three levels of drought intensity (ambient, CK; 50% precipitation exclusion, PE50; 70% precipitation exclusion, PE70) at the beginning, peak and end of the growing season in a savanna ecosystem in southwestern China. Values indicate the means ± SE, n = 3. Lowercase letters above the bars indicate significant differences among the treatments in specified sampling periods (P < 0.05).
Tree Physiology Online at http://www.treephys.oxfordjournals.org Adams et al. 2015) . In the case of the shrub PC, the mechanism of maintaining carbon balance may be starch degradation Zeeman 2012, Thalmann and Santelia 2017) . Notably, the starch in the twigs of PC showed a significant conversion to sugar between the peak and the end of the growing season, and the amount of starch conversion tended to increase with drought intensity, reflecting that PC can degrade stored starch to sustain carbon balance under drought, especially during the late growing season. This mechanism may also explain why PC defoliates in the following February, as the degradation of starch compensates for the carbon needs of defoliation during the end of the growing season (Dietze et al. 2014) . By contrast, the grass HC revealed significant increases in sugar and starch toward the end of the growing season under drought. As a shallow-rooted species, the grass encountered more severe drought due to the reduction of surface soil water throughout the growing season ( Figure 1c ) and its limited ability to reach deeper water over the growing season, especially during the late growing season (Carbone and Trumbore 2007) . Carbohydrates accumulated during the late growing season could be used to compensate for the higher carbon use (e.g., osmoregulation) and ensure a carbon supply during the following dry season (Zhu et al. 2012) . Overall, these data suggest that these three species maintain carbon reserves balance using different mechanisms under drought conditions. Interestingly, the response of NSC dynamics to drought in our study was inconsistent across the growing season using the samples taken either at predawn or at midday alone (see Figures S1-S4 available as Supplementary Data at Tree Physiology Online). For both woody species, the NSC levels of leaves and twigs at predawn tended to slightly decrease under drought (see Figures S1g and h and S2g and h available as Supplementary Data at Tree Figure 6 . Diurnal change in carbohydrates (sugar, starch and NSC) from predawn to midday in non-photosynthetic organs (twigs or roots) of three dominant species (Lannea coromandelica, LC; Polyalthia cerasoides, PC; Heteropogon contortus, HC) at three levels of drought intensity (ambient, CK; 50% precipitation exclusion, PE50; 70% precipitation exclusion, PE70) at the beginning, peak and end of the growing season in a savanna ecosystem in southwestern China. Values indicate the mean ± SE, n = 3. Lowercase letters above the bars indicate significant differences among the treatments in specified sampling periods (P < 0.05).
Physiology Online), whereas those at midday remained stable or tended to increase during the peak and end of the growing season (see Figures S3g and h and S4g and h available as Supplementary Data at Tree Physiology Online). For the grass (HC), the NSC levels in both organs showed a similar trend across the growing season under drought, whether at predawn or midday, except for the NSC of roots at the peak of the growing season (see Figures S1-S4 available as Supplementary Data at Tree Physiology Online). The probable reason is that plants must burn more carbohydrates during the night to maintain respiration and other carbon use under drought conditions (Sulpice et al. 2009 ), leading to a slight decrease in carbon reserves. In the daylight, plants confront harsher environments (e.g., high temperature and strong light) compared with the predawn hours, and thus the carbohydrate requirements for different species may increase (Smith and Stitt 2007) . Although some did not achieve significance, these trends suggest that the response of carbon reserves to drought stress is not always consistent for different species or organs within a day. A similar result was reported by Kagan et al. (2011) for bermudagrass (Cynodon dactylon). In addition, NSC concentration showed a significant diurnal fluctuation (see Table S1 available as Supplementary Data at Tree Physiology Online). Therefore, differences caused by the sampling period should be considered when evaluating the effects of stress conditions on carbon reserves.
Drought effects on relative change in NSC
The survival of plants partially relies on the carbon balance, which must be comprehensively considered both the carbon reserves and the relative change in NSC (McDowell 2011, Hartmann and Trumbore 2016) . Our results showed that the diurnal change of NSC in these three dominant species increased under the drought treatments during the peak and the end of the growing season (Figures 5 and 6 ). This implies that NSC in three dominant species was accumulated during drought, which may compensate for the higher carbon use and carbon balance under stress conditions. One major explanation for the accumulation of NSC is that it represents a passive accumulation of photoassimilate (new assimilates). The carbon needs for growth and other sinks were reduced (reduced growth; Figure 2 ). By contrast, the carbon needs for defense and other functions are increased under drought (Granda et al. 2017) . A 13 C pulse-labeling experiment also showed that new assimilated carbon can be accumulated under drought in the seedlings of two woody species (Pinus sylvestris and Tilia platyphyllos) (Galiano Pérez et al. 2017) . Another potential explanation is that carbon translocation failed under drought stress. Drought can reduce phloem function and abolish the carbon translocation (Hartmann et al. 2013 , Rowland et al. 2015 , resulting in NSC accumulation in leaves. Unlike LC and HC, NSC accumulation in both the organs of the shrub PC was partly derived from the conversion of starch to sugar during the second half of the growing season, and the amount of starch conversion tended to increase under drought (Figures 5b, e and h and 6b, e and h) . In this study, therefore, NSC accumulation in three species just offset the effect of drought and maintained the carbon reserves balance ( Figures  3 and 4) . These findings further suggest that the relative change in NSC is highly sensitive to drought and it plays an essential role in maintaining the carbon balance of plants under stress.
The relative change of NSC we evaluated is reliant on the diurnal change of carbohydrates. Conifer needles showed a minimal diurnal variation (Bansal and Germino 2009) , implying that the diurnal change of NSC could be very low (Piper et al. 2017) and that it may be difficult to detect using our calculated method. However, Bansal and Germino (2009) also showed needles of two conifer species with an obvious diurnal trend. Further research into diurnal change of NSC in other species, especially conifer species, is needed to determine more details. In addition, as mentioned above, because the accumulation of NSC originates from different sources, such as new assimilates, carbon translocation between the organs or tissues, and conversion between the different molecules, it may be difficult to distinguish which sources were involved. In the defoliation experiments from Puri et al. (2015) for Pinus pinaster and Salmon et al. (2015) for P. sylvestris, the authors noted that carbon reserves did not significantly decline despite the drought-induced loss of more than half the leaves. This finding can be explained by the hypothesis that defoliation affects photosynthetic ability and reduces the accumulation of new assimilates; however, other processes (e.g., carbon translocation) may be induced to maintain a sufficient NSC accumulation, resulting in carbon balance (Galiano et al. 2011) . Further studies are required to identify the source of NSC using the stable isotopes.
Conclusion
Drought inhibited the growth of three dominant species (LC, PC and HC) in the Yuanjiang savanna ecosystem. Total NSC reserves (average concentration of 8.1%) showed little change during drought, but the diurnal change of NSC increased markedly, which indicates that three dominant species of the savanna ecosystem can maintain sufficient carbon supply under drought using different mechanisms, rejecting the carbon limitation hypothesis. We also suggest that the carbon balance in plants in stressful environments may depend not only on carbon reserves but also on the relative change in NSC. These findings provide new insights into the mechanisms underlying carbon balance.
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